A 1550 InGaAsP-InP multiple-quantum-well (MQW) transistor laser is numerically modeled. The proposed structure has a deep-ridge waveguide and asymmetric doping profile in the base (i.e. only the part below QWs of the base is doped) which provides good optical and electrical confinement and effectively reduces the lateral leakage current and optical absorption. The important physical models and parameters are discussed and validated by modeling a conventional ridge-waveguide laser diode and comparing the results with the experiment. The simulation results of the transistor laser demonstrate a low threshold (< 10 mA) and a > 25 % slope efficiency with the current gain of 2 ∼ 4. The optical saturation and voltage-controlled operation are also demonstrated.
INTRODUCTION
As a functional integration of a transistor and a laser, the transistor laser can take an electrical input signal and simultaneously output an optical signal and an electrical signal which are coupled to each other. 1 It is very interesting not only for academic research but also for practical applications. For example, we can use the electrical output signal to monitor the optical output in order to achieve dynamic stabilization and feedback control without additional optical elements. The transistor laser also has a potential for high-speed applications due to its unique carrier dynamics which are different from either normal bipolar junction transistors (BJTs) or laser diodes. 2 The analytical modeling demonstrated the difference between common-base and commonemitter configurations and predicted a bandwidth enhancement for direct laser modulation in the common-base configuration.
3 Another interesting feature is the voltage-controlled operation that is promising for optoelectronic integration. 4 The voltage-controlled direct modulation of a tunnel junction transistor laser was presented recently. 5 While the transistor laser has demonstrated many interesting features and great potential in applications, it has serious challenges. A heavily doped base is typically used in modern heterojunction bipolar transistors (HBTs) to reduce electrical resistance for high-speed consideration and was also used in the demonstrated transistor lasers 1, 6 where the potential of an enhanced small-signal modulation bandwidth was attributed to the reduced carrier lifetime due to the high doping density. 7 However the analytical modeling including the quantum capture and escape processes showed that the transistor laser's small-signal modulation performance in the common-emitter configuration is similar to the conventional laser diodes with a separate confinement heterostructure (SCH), 8 although we can have a higher bandwidth by scarifying the gain of the AC response, e.g., by common-base configuration.
2, 3 Therefore high doping density in the base may not be desired since it is not necessary for higher bandwidth and can cause serious problems of excessive carrier recombination and optical absorption. To date, the demonstrated transistor lasers have relatively high threshold and low optical power. 5, 9 Continuous operation at ∼ 1.55 μm was only achieved at a very low temperature (-180 o C).
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In this paper, a 1550 nm transistor laser structure based on InGaAsP-InP material system is proposed and numerically modeled by the 2D commercial laser simulator LASTIP.
10 The laser has a deep-ridge waveguide structure and an asymmetric doping profile in the base (i.e., only the part below the QWs of the base is doped).
The proposed device structure is demonstrated in Section 2. The physical models and key parameters are described in Section 3. A ridge-waveguide laser diode is simulated and compared with the experiment to evaluate the models and parameters. The simulation results are presented in Section 4. Section 5 is the conclusion.
DEVICE DESIGN
The epitaxial structure of the 1550 nm transistor laser is shown in Table 1 . It is an InGaAsP/InP n-p-n HBT structure with the QWs (1.2% compressively strained InGaAsP) buried in the center of the InGaAsP (1.24 μm) waveguide region. Different from the previous transistor lasers, the top waveguide is undoped for reducing carrier recombination and optical absorption. The heavily p-doped layer for the p contact is placed away below the QWs for preventing dopant diffusion into the QWs which can significantly affect the optical gain.
11 The p contact on InGaAsP might be challenging. In 0.53 Ga 0.47 As is widely used as the p contact layer in 1550 nm laser didoes although it has smaller band-gap than the QWs since it is usually far away from the active region. However we cannot use In 0.53 Ga 0.47 As as the base contact because it will be much closer to the peak of the optical mode in the transistor laser than in normal laser diodes and hence can induce a strong optical loss. A p contact on InGaAsP has relatively higher resistance than on In 0.53 Ga 0.47 As but can form good ohmic contact with a resistance as low as ∼ 10 −6 Ωcm 2 . 12, 13 Using InP as the collector can increase the breakdown voltage but may block the electrons and hence reduce the electrical gain (β = I C / I B , where I C and I B are collector and base currents, respectively). Our design uses a collector consisting of 3 layers: In 0.76 Ga 0.24 As 0.53 P 0.47 (the same material as the base), InP, and a compositional grading layer between them. The reverse biased base-collector junction introduces a gradient in the carrier distribution in the waveguide/base which provides the electrical output (I C ) in addition to the optical output. The laser is designed to be a 250 μm long edge-emitter with 90% and 30% reflectivities for the front and back facets, respectively. The ridge waveguide is 3μm wide. The whole deice has a symmetric layout with the emitter contact on the top of the ridge, the collector contact on the backside of the wafer, and two base contacts on the top of the two sides of the base contact layer. The wafer is to be etched through the QWs down to the heavily doped p-contact layer. The lateral leakage current is one of the main sources of the threshold in the ridge-waveguide lasers and is more harmful in the transistor lasers with heavily doped waveguide layer above the QWs due to the shorter carrier lifetime, hence in our design the region above the QWs is undoped. The deeply etched mesa provides better optical and electrical confinement and removes the necessity of the heavily doped layer above the QWs. Therefore it can effectively reduce the lateral leakage current and optical absorption. The disadvantage of this deep-ridge design is that it requires high etching accuracy since there is no etching-stop layer in the waveguide.
PHYSICAL MODELS AND KEY PARAMETERS
All the physical models are well established in the 2D simulator LASTIP . Here we discuss the aspects that are crucial to our study (e.g., carrier recombination and optical absorption) . More details of the laser model can be found elsewhere.
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The drift-difussion model with Fermi statistics is used for the 2D carrier transport. Thermionic emission theory is used at heterojunctions where the carrier transport is mainly related to the band offset ( E c / E g ) for which a typical value of 0.4 is assumed.
14 The QWs are assumed to have a step-wise potential profile with parabolic sub-bands. Phonon-assisted scattering between confined and unconfined quantum states is not considered explicitly. More sophisticated models are needed to study the laser dynamics. 16 The effective index method is used for the optical mode calculation. We assume that the transistor laser is to be operated in the normal transistor-behavior region without considering collector breakdown. Therefore impact ionization and Zener tunneling are not included. Thermal effect is not considered.
Several main sources of carrier recombination are considered. Stimulated emission and spontaneous emission in the QWs are calculated from the band structure and Fermi distribution. The spontaneous emission parameter is assumed to be B = 10 −10 cm 3 · s within the passive layers.
14 The SRH recombination lifetimes of electrons and holes are assumed to be 20 ns in the QWs and 100 ns in the other layers.
14 Although InGaAsP/InP has less surface recombination than GaAs, 17 it cannot be ignored for the deeply etched structure and may be critical for a small (∼ 1 μm width) waveguide. 18 The surface recombination velocity is assumed to be 2.5 × 10 4 cm/s. The value can be reduced to below 4 × 10 3 cm/s by surface passivation. 18 The Auger recombination is calculated by
where n and p are electron and hole densities, respectively. The Auger coefficients C p = 1.6 × 10 −28 cm
and C n = 0 are used 14 by assuming that the CHHS Auger process dominates.
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Also important to the transistor laser is the optical absorption due to the existence of the heavily doped layer close to the active region. A small background loss of α b = 5 cm −1 is assumed for the carrier-density-independent mechanisms like defect scattering. The free-carrier absorption due to electrons can be neglected since the heavily doped n-type layer are far away from the peak of the optical mode and the absorption coefficient is very small in InGaAsP/InP lasers (k n = 10 −18 cm 2 ). 14 Absorption within the valence bands due to intraband (i.e., free carrier absorption) or interband transitions is the dominant absorption mechanism in InGaAsP/InP lasers which is roughly proportional to the hole density. The hole absorption coefficient k p = 3.7 × 10 −17 cm 2 is assumed.
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To evaluate the physical models and parameters, a conventional ridge-waveguide laser diode is simulated and compared with the experiment. It's epitaxial structure is shown in Table 2 . It has the same MQW system (the central wavelength of the photoluminescence is at 1548 nm at room temperature) and same waveguide material as the proposed transistor laser in Table 1 . The light output and current vs. voltage (LIV) curves of the simulation have been matched to the experiment as shown in Figure 1. 
RESULTS AND DISCUSSION
In the previous section, the laser simulation tool and parameters have been validated using a conventional laser. Next, our designed transistor laser is modeled. The transistor laser is operated in the common-emitter configuration, as shown in Figure 2 , with the emitter-base junction forward biased and the base-collector junction reverse biased.
The collector IV curves for different base current I B are shown in Figure 3 , illustrating the typical transistor characteristics with an electrical gain β around 2 ∼ 4. The optical output power from the front facet as a function of the base current I B is shown in Figure 4 . There are three regions in each LI curve: below laser threshold, lasing linear region, and lasing saturation region. The threshold is ∼ 7 mA which is comparable with the laser diode that is tested in Section 3. The low threshold is expected due to the good optical confinement (as shown in Figure 2 ) and reduced lateral leakage current. The slope efficiency of the linear region is 25.3% which is a little lower than the fabricated conventional laser diode (∼ 29.4%) due to the higher optical absorption and large surface recombination. This can be improved by surface passivation. As shown in the Figure 4 , the saturation power depends on the emitter-collector voltage V CE which determines the bias condition of the base-collector junction at a certain base voltage V B (V B increases as I B increases). When V B is so high that the base-collector junction is partially turned on, the collector current is reduced and the optical power goes to saturation because the extra injected holes from the base go to the collector instead of the active region for additional stimulated emission. The typical electron current distributions at different bias conditions are shown in Figure. 5. We can see that while in the linear region, almost all the electrons flow from the emitter to the active region and are then collected by the collector (note that the current direction is opposite to the electron flow), in the saturation region some electrons escape from the collector to the base. This optical saturation of the transistor laser has been investigated in the numerical modeling of a transistor VCSEL and attributed to the three-port operation based on which a voltage-controlled laser operation was proposed. 4 Here we have found that this effect is present in both VCSELs as well as edge emitting lasers. The optical power vs. V CE (LV) curves of the transistor laser is shown in Figure 6 . Similar to the LI curve, the LV curve also has three regions. The voltage threshold is ∼ 1V . The saturation power in the LV curve in this case depends on the base current. 
CONCLUSION
While the transistor laser has many interesting features, the big question is whether we can design a transistor laser with good laser performance, i.e. low threshold and high slope efficiency. In this paper we have numerically modeled an InGaAsP-InP MQW transistor laser at 1550 nm. The key features of the device are the deep ridge structure (i.e., the QWs are etched through) and an asymmetric doping profile in the base. The purpose of this design is to reduce the carrier recombination outside the QWs and reduce the optical loss. Our numerical modeling shows a < 10 mA threshold and a > 25% slope efficiency. Having verified our model by match the simulation to a fabricated conventional laser, this wok demonstrates a good transistor-laser design and bring the transistor laser closer to practical applications.
